Status epilepticus (SE) is defined as continuous seizure activity lasting more than 5 minutes. It results in neuronal cell death, mediated by endoplasmic reticulum (ER) stress response. Previously, metformin demonstrated neuroprotective effects in primary cortical neurons. In this study, we analyzed the effect of metformin on ER stress via the pro-apoptotic protein kinase RNA-like endoplasmic reticulum kinase (PERK)-eukaryotic initiation factor 2α (eIF2α)-C/EBP homologous protein (CHOP) pathway. SE was induced in rats by pentylenetetrazole. Following SE, the rats were treated with salubrinal, GSK2656157, or metformin. In a control group (normal saline) SE was not induced. CHOP, eIF2α, and PERK expression was determined by Western blot; apoptosis was analyzed by TUNEL assay. CHOP expression was significantly increased at 6 and 24 hours following SE. At both time points, eIF2α and PERK levels were also increased. At 6 hours, CHOP expression was significantly reduced in salubrinal, GSK2656157 and metformin groups versus SE group. eIF2α and PERK levels were decreased in metformin compared to SE group. eIF2α expression was markedly decreased in salubrinal versus SE group, while PERK expression was markedly reduced in GSK2656157 versus SE group. At 6 and 24 hours, the apoptosis rate was significantly increased in SE versus control group, while it was significantly reduced in salubrinal, GSK2656157, and metformin groups compared to SE group. The apoptosis rate also decreased in salubrinal group at 24 hours, although not to the extent observed in metformin group. Overall, CHOP expression and apoptosis induced by SE in rats were reduced with metformin. Further studies are required to evaluate the clinical relevance of metformin for patients with SE.
INTRODUCTION
Status epilepticus (SE) is a serious neurological disorder resulting from continuous clinical and/or electrographic seizure activity lasting ≥5 minutes, or from recurrent seizure activity without returning to the baseline [1] . Studies in the U.S. have reported the incidence rates of SE in children (<1 year) and older adults (>60 years) of 156/100,000/ year and 86/100,000/year, respectively [2, 3] . Similarly, the incidence rate of a first episode of SE in Asia is 42/100,000/ year [4] [5] [6] . The mortality rate of SE is 26% in adults, and it increases to 50% in patients >80 years old [1] . Moreover, neuronal cell death due to continuous seizure activity can result in irreversible neuronal injury [7] . Therefore, rapid diagnosis and management of SE are very important.
Although neuronal loss and microglial activation are assumed to contribute to the pathogenesis of SE [8, 9] , the underlying cellular and molecular mechanisms regulating neuronal apoptosis and neuronal injury remain largely unknown. Studies have shown that the endoplasmic reticulum (ER) stress response, which is known to trigger apoptosis, plays a role in mediating the pathological reactions in acute brain injuries, including seizures, neuronal damage induced by manganese, and temporal lobe epilepsy [10] [11] [12] [13] . Furthermore, in a SE model induced by pentylenetetrazole (PTZ) in rats, the expression of glucose-regulated protein 78 (GRP78) as well as C/EBP homologous protein (CHOP), a proapoptotic transcription factor activated by ER stress, was increased, suggesting the induction of ER stress [14] . Moreover, the CHOP expression was correlated with neuronal apoptosis [14] .
Metformin, a medicine commonly used in the treatment of patients with type 2 diabetes mellitus, has demonstrated neuroprotective effects [15] [16] [17] . In addition, metformin attenuated the ER stress, insulin receptor substrate 1 phosphorylation, and apoptosis in rat insulinoma cells [18, 19] . However, up until know, the metformin action has not been analyzed in SE. Here we hypothesized that metformin reduces brain injury induced by ER stress and inhibits apoptosis through regulating the protein kinase RNA-like endoplasmic reticulum kinase (PERK)-eukaryotic initiation factor 2α (eIF2α)-activating transcription factor 4 (ATF4)-CHOP pathway. We analyzed the effect of metformin, salubrinal (a specific eIF2α phosphatase inhibitor), and GSK2656157 (a PERK inhibitor) on CHOP expression and apoptosis in a SE model induced by PTZ. The aim of this study is to improve the understanding of brain injury in SE and make an important contribution to the treatment and control of SE.
MATERIALS AND METHODS

Establishment of an in vivo SE model
Sprague-Dawley rats (N = 60), 21 days old, were obtained from PlusGENE center (Nanjing Medical University). The animals were maintained in a standard 12-hour light/dark cycle and had ad libitum access to food and water at the Nanjing Medical University Medical Laboratory Animal Center. The rats were randomly divided into the following five groups (n = 12/group): control, SE, SE + salubrinal (Sal), SE + GSK2656157 (GSK), and SE + metformin (Met). In the control group, the animals received an intraperitoneal (i.p.) injection of saline. The SE model was established as previously described [20] . Briefly, SE was induced following an i.p. injection of PTZ (Sigma, USA), 70 mg/kg, diluted in normal saline to the concentration of 10 g/L. After 1 hour, the rats in SE + Sal, SE + GSK, and SE + Met groups were treated with 1 mg/kg salubrinal (Selleckchem, Suffolk, UK), 150 mg/kg GSK2656157 (Selleckchem), and 200 mg/kg metformin (Aladdin Chemistry Co., Ltd., Shanghai, China), respectively, administered i.p. Seizure severity was assessed as described by Lado et al. [21] . After 1 hour following a seizure, the rats received an i.p. injection of diazepam (10 mg/kg) to terminate the seizures. All procedures were approved by the Animal Care and Use Committee of Nanjing Medical University and were performed according to the Guide for the Care and Use of Laboratory Animals.
Sample preparation
At 6 and 24 hours after seizures, the rats were anesthetized with 300 mg/kg of 5% chloral hydrate administered i.p. These time points were chosen based on our previous study that showed the onset of ER stress at 6 hours and apoptosis at 24 hours after seizures in rats [14] . Following a thoracotomy, a rapid perfusion with normal saline followed by 4% paraformaldehyde in 0.1M phosphate buffered saline (PBS) was performed through a catheter that was inserted into the ascending aorta through the left ventricle. The brain tissues were collected, fixed in 4% paraformaldehyde in 0.1M PBS for 18-20 hours, and dehydrated in 20% sucrose and 30% sucrose in 0.1M PBS. After 72 hours, they were embedded in optimal cutting temperature (OCT), frozen in liquid nitrogen, and stored at −80°C for future use. The coronal sections (8 μm in thickness) were obtained and adhered to slides that were pretreated with 3-aminopropyltriethoxysilane. The slides were air-dried and stored at −80°C.
Western blot analysis
Western blot analysis of CHOP protein expression was performed as previously described [20] . Briefly, the brain tissue lysates were obtained following homogenization in lysis buffer (50 mM Tris-HCl, pH 7.9; 150 mM NaCl; 1 mM EDTA; 1% NP-40; 0.25% sodium deoxycholate; and 1 mM phenylmethylsulfonyl fluoride) with protease inhibitors (10 μg/mL pepstatin, 10 μg/mL leupeptin, and 5 μg/mL aprotinin) on ice. Protein samples (80 μg) were separated in a sodium dodecyl sulfate-polyacrylamide gel (12%) and transferred to a nitrocellulose membrane (Amersham Biosciences, Little Chalfont, Buckinghamshire, UK). After blocking with 5% nonfat milk in Tris-buffered saline with 0.05% Tween 20, the blots were incubated with a rabbit polyclonal anti-CHOP antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-eIF2 antibody (Santa Cruz Biotechnology), anti-PERK antibody (Santa Cruz Biotechnology), or a rabbit polyclonal anti-actin antibody (1:2000, Sigma-Aldrich, St. Louis, MO, USA) at 4°C overnight followed by a horseradish peroxidase conjugated anti-rabbit secondary antibody (1:10,000; Santa Cruz) for 1 hour at room temperature; an anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) antibody (1:1000, 3 μl, Sigma-Aldrich, St. Louis, MO, USA) was used as the loading control. Protein bands were detected with ECL Western blotting detection reagents (Zhongshan Golden Bridge Biotechnology Co., Ltd., Beijing, China). The resulting bands were quantified using ImageJ densitometry software (http://rsbweb.nih.gov/ij/).
TUNEL assay
The TUNEL assay was performed as previously described using 8-μm-thick coronal sections and an In Situ Cell Death Detection Kit (Roche Applied Science, Germany), according to the manufacturer' s instructions [14] . The negative controls consisted of reaction mixtures in which the terminal deoxynucleotidyl transferase (TdT) was omitted. All tissues were stained with the Hoechst 33528 fluorochrome (Applygen Technologies, Inc., Beijing, China) for 10 minutes, and the images were obtained with a confocal laser scanning microscope (Olympus Fluoview FV1000, Tokyo, Japan).
Statistical analysis
All statistical analyses were carried out with IBM SPSS Statistics for Windows, Version 22.0. (IBM Corp., Armonk, NY, USA). The Western blot and TUNEL assay results are presented as mean ± standard deviation (SD). One-way analysis of variance (ANOVA) with Bonferroni correction for pairwise comparisons was used to compare the Western blot data between the groups. Apoptosis data were compared using the Kruskal-Wallis test and Mann-Whitney U test for pairwise comparisons. All statistical assessments were two-tailed and considered significant at p < 0.05.
RESULTS
Metformin suppresses CHOP levels in SE
As shown in Figure 1 , Western blot analysis revealed that CHOP expression was significantly increased at both 6 and 24 hours following SE (both p < 0.01). In addition, eIF2α and PERK levels were increased with SE at both time points.
At 6 hours, CHOP expression was significantly reduced in SE + Sal, SE + GSK, and SE + Met groups (all p ≤ 0.002) compared to SE group, however, not to the levels observed in control group. No significant differences in CHOP expression were found between SE + Sal, SE + GSK, and SE + Met groups at 6 hours (all p > 0.05; Figure 1B ; Table S1 ). Although a decreasing trend was also observed at 24 hours following SE and treatments, CHOP levels in the treatment groups were similar to the levels in SE group (all p > 0.05). No significant differences in CHOP expression were observed in each of the treatment groups between 6 and 24-hour time point (all p > 0.05; Figure 1B ).
In addition to CHOP, eIF2α and PERK levels were also decreased in SE + Met compared to SE group. As expected, eIF2α expression was markedly decreased in SE + Sal as compared to SE group (at both 6 and 24 hours; Figure 1A) . Similarly, PERK expression was markedly decreased in SE + GSK group as compared to SE group (at both 6 and 24 hours; Figure 1A ).
Metformin inhibits apoptosis following SE
At 6 and 24 hours following SE, the apoptosis rate was significantly higher as compared with control group (p ≤ 0.003; Figure 2 ; Table S2 ). At 6 hours, the apoptosis rate was significantly reduced in SE + Sal, SE + GSK and SE + Met groups compared to SE group (p = 0.044, p = 0.037, and p = 0.020, respectively). No significant differences in the apoptosis rates were found between SE + Sal, SE + GSK, and SE + Met groups at 6 hours (all p > 0.05). Similarly, the apoptosis rate was decreased in SE + Sal, SE + GSK, and SE + Met groups compared to SE group, at 24 hours (all p < 0.001; Figure 2 ; Table S2 ). In addition, the apoptosis rate was significantly lower in SE + Met group as compared to SE + Sal group (p = 0.007). Finally, the apoptosis rates in all treatment groups following SE were lower at 24 hours compared to the 6-hour time point (all p ≤ 0.014; Figure 2 ).
DISCUSSION
In SE, CHOP expression is induced and correlated with neuronal apoptosis [14] . Because metformin has shown neuroprotective effects in primary cortical neurons [15] [16] [17] , we sought to determine if it could reduce ER-stress-induced CHOP expression, and subsequent apoptosis. The CHOP expression was decreased in our SE + Sal, SE + GSK, and SE + Met groups. All treatments also ameliorated apoptosis induced by SE; however, the highest suppression of apoptosis was observed in SE + Met group. The decreased apoptosis rate induced by metformin in our in vivo SE model is consistent with previously reported anti-apoptotic properties of metformin [18, 19] . Nevertheless, the precise mechanism by which metformin inhibits apoptosis in SE remains to be determined.
Previous studies indicated that metformin suppresses the ER stress through the 5' adenosine monophosphate-activated protein kinase (AMPK)-phosphatidylinositol 3 kinase (PI3K)-c-Jun NH2 pathway [18] . It is also possible that it reduces the level of reactive oxygen species and DNA damage induced by ER stress [22] . Further studies should clarify the anti-apoptotic effects of metformin following SE.
The eIF2α/ATF4 pathway is necessary for the activation of genes essential for the adaptation of cells to environmental and ER stress [23] . In SE, eIF2α is phosphorylated [20] , and PERK is induced by the unfolded protein response which is a cellular stress response associated with the ER stress [24, 25] . We have previously shown that the ER stress is induced following SE through the PERK/eIF2α/CHOP signaling, in a SE rat model [20] . In the present study, the inhibition of eIF2α and PERK ameliorated the CHOP expression induced by SE, suggesting that the activation of PERK and eIF2α are required for CHOP induction in SE. Given the role of ATF4, a member of the CCAAT-enhancer-binding protein (C/EBP) family of transcription factors, in this apoptotic signaling pathway [26] [27] [28] [29] , further studies will be undertaken to evaluate its role in activating CHOP expression in SE.
In the present study, both salubrinal and GSK2656257 suppressed apoptosis following SE. This is consistent with previous studies that reported a role of the PERK/eIF2α/CHOP signaling pathway in neuronal apoptosis. Specifically, in an in vitro model of ER stress in cortical neurons, ATF4 induced CHOP expression, which enhanced the expression of p53 upregulated modulator of apoptosis (PUMA), a Bcl-2 family member, and consequently resulted in apoptosis [27] . Previously, we also showed that CHOP expression induced by SE was correlated with neuronal apoptosis in vivo [14] . Lopez-Meraz et al. [30] reported that SE induces necrosis in the CA1-subiculum area, in addition to the dentate gyrus, and that the two processes were mediated by distinct caspase pathways. Further studies are required to identify the downstream molecules associated with apoptosis induced by CHOP, including caspase proteins and the proapoptotic Bcl-2-like protein 11 (Bim) [29] .
In our study, metformin reduced apoptosis induced by SE to a greater extent than salubrinal or GSK2656157, despite the similar reductions in CHOP levels in all of the treatment groups. Although both salubrinal and metformin have neuroprotective effects, it has been reported that metformin also has the capability to enhance the proliferation of neural precursors through TAp73 [31] , which may result in fewer apoptotic cells after metformin compared to the salubrinal or GSK2656157 treatment. Further studies are necessary to examine the mechanism by which metformin ameliorates apoptosis induced by SE.
The present study is limited in that CHOP was the only apoptosis-related signaling molecule evaluated; therefore, additional studies are required to analyze the up and downstream effector proteins that correspond to the changes in CHOP expression induced by metformin. Furthermore, we did not evaluate in detail the mechanism by which metformin FIGURE 2. Metformin inhibits apoptosis following status epilepticus (SE). The apoptosis rate for each group was determined by TUNEL analysis following the induction of SE and treatment with salubrinal (Sal), GSK2656157 (GSK), or metformin (Met) for 6 and 24 hours (n = 3 per group). Data were presented as mean ± standard deviation (SD). **p < 0.01 and ***p < 0.001 indicated a significant difference as compared with control group; † p < 0.05 and † † † p < 0.01 indicated a significant difference as compared with SE group; ‡ ‡p < 0.01 indicated a significant difference as compared with SE + Sal group. 
CONCLUSION
The CHOP expression induced by SE was suppressed with metformin, salubrinal, and GSK2656257 to similar extents. However, metformin inhibited apoptosis following SE to a greater extent than salubrinal or GSK2656257. These results form the basis for future research to evaluate the clinical relevance of metformin for patients with SE. 
